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Abstract 

Lactic acid bacteria (LAB) have taken centre stage in perspectives of modern fermented food industry and probiotic 
based therapeutics. These bacteria encounter various stress conditions during industrial processing or in the 
gastrointestinal environment. Such conditions are overcome by complex molecular assemblies capable of 
synthesizing and/or metabolizing molecules that play a specific role in stress adaptation. Thiols are important class 
of molecules which contribute towards stress management in cell. Glutathione, a low molecular weight thiol 
antioxidant distributed widely in eukaryotes and Gram negative organisms, is present sporadically in Gram positive 
bacteria. However, new insights on its occurrence and role in the latter group are coming to light. Some LAB and 
closely related Gram positive organisms are proposed to possess glutathione synthesis and/or utilization machinery. 
Also, supplementation of glutathione in food grade LAB is gaining attention for its role in stress protection and as a 
nutrient and sulfur source. Owing to the immense benefits of glutathione, its release by probiotic bacteria could 
also find important applications in health improvement. This review presents our current understanding about 
the status of glutathione and its role as an exogenously added molecule in food grade LAB and closely 
related organisms. 
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Introduction 

Lactic acid bacteria are one of the important groups of 
microorganisms domesticated for the production of di- 
verse fermented products like fermented milks, cheese, 
sourdough, sausages, fermented vegetables etc. These 
bacteria also happen to be the most dominant group in 
probiotic organisms known for their specific health ben- 
efits to humans. Besides, many LAB are also used for 
the industrial or food grade production of biomolecules 
like vitamins, exopolysaccharides, polyols etc. Owing to 
their prolific use in industrial fermentation processes 
and probiotic applications, these organisms have to ne- 
gotiate and endure harsh surrounding environments. 
Stress conditions encountered by LAB in different 
niches can be broadly classified into two categories viz. 
technological (oxidative, cold, high osmotic and high 
temperature conditions) and physiological stress (oxida- 
tive, low pH, high bile salts and toxins). Different species 
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of LAB have evolved specialized mechanisms to deal 
with the normally encountered stress conditions in par- 
ticular niches [1]. These mechanisms essentially involve 
intricate maneuvering and interplay of various pathways 
and biomolecules which support the growth of the or- 
ganism in their respective transient environment [2], 
Thiols, distributed widely in biological systems, are one 
such important class of compounds engaged in stress 
protection. Important thiol compounds are glutathione, 
y-glutamylcysteine, bacillithiol, mycothiol etc. Glutathi- 
one, a tripeptide, is ubiquitous in eukaryotic system, 
found widely in Gram negative bacteria but was known 
to be scarcely present in Gram positive bacteria [3,4]. 
However, new insight into glutathione synthesis and me- 
tabolism in the latter group necessitates reconsideration 
of its status and role in LAB and Gram positive bacteria 
in general. 

Glutathione (GSH) is made-up of three amino acids 
viz. glutamate, cysteine and glycine. The primary 
enzymes/genes of glutathione system (Figure 1) are y- 
glutamylcystiene synthetase (gshA), glutathione synthe- 
tase (gshB), glutathione reductase (gshR/gor), and 
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Figure 1 Schematic diagram showing a putative GSH system and its role in LAB. A putative GSH system in LAB is illustrated in the figure. 
Every component may or may not be present in every genus and species of LAB. Genes or proteins whose activity is not yet established in LAB 
are shown with dotted circle. Glutathione (GSH) is made-up of three amino acids viz. glutamic acid (E), cysteine (C) and glycine (G). The enzymes 
of glutathione system are y-glutamylcystiene synthetase (GshA), glutathione synthetase (GshB), glutathione bifunctional fusion protein 
(GshAB/GshF), glutathione reductase (GshR/Gor), and glutathione peroxidase (Gpo). GshA catalyzes the formation of y-glutamylcysteine from 
glutamic acid and cysteine. Some LAB have only GshA homologs making y-glutamylcysteine as the major thiol. This molecule also serves as 
antioxidant in some species. The classical two step biosynthesis of glutathione is absent and it is carried by bifunctional fusion protein GshF in 
some LAB like 5. thermophilus. Some other LAB also have this fusion protein. Besides its possible de-novo synthesis, GSH is also imported from the 
medium possibly by CydDC, a heterodimeric ATP-binding cassette type transporter. Gpo and GshR are the two main enzymes involved in 
metabolism of glutathione. Former catalyzes the conversion of reduced glutathione (GSH) to oxidized form (GSSG) and the latter enzyme 
regenerates the reduced form. Glutathione-S-transferases (GSTs) are a class of enzymes which are involved in cellular detoxification of xenobiotics 
(X) using reduced glutathione. The exact cellular role of GST in LAB is not yet established. GSH also carries glutathionylation of key proteins of 
EMP pathway (e.g. GAPDH) and helps to maintain ATP production at required levels during stress conditions. GSH supplementation upregulates 
activity of enzymes like |3-phophoglucomutase ((3-Pgm), phosphate acetyltransferase (Pat) etc. during stress conditions [81]. Both synthesized as 
well as imported GSH is involved in protection of cells from various stress conditions. 



glutathione peroxidase {gpo). The biosynthesis of GSH 
involves formation of a peptide bond between glutamate 
and cysteine catalyzed by y-glutamylcysteine synthetase 
(GshA) and subsequent formation of a peptide bond be- 
tween y Glu-Cys and glycine catalyzed by glutathione 
synthetase (GshB) [3]. Alternately, some Gram positive 
bacteria have evolved a single multidomain fusion pro- 
tein (GshF) which catalyzes both the reactions for syn- 
thesis [5,6]. Many organisms can transport glutathione 
from the medium and utilize it for various cellular reac- 
tions. Glutathione transport in prokaryotes is known to 
be carried by CydDC, a heterodimeric (consisting of two 
subunits CydC and CydD), ATP-binding cassette type 
transporter [7]. It contributes to the reducing environ- 
ment in cell by its ability to transport glutathione and 
cysteine. Glutathione peroxidase and glutathione reduc- 
tase are the two main enzymes involved in metabolism 
of glutathione. Former catalyzes the conversion of 
reduced glutathione (GSH) to its oxidized form (GSSG) 
and the latter enzyme regenerates the reduced form. 



Glutathione degradation is carried by y-glutamyltranspep- 
tidase (Ggt) which helps in recycling of the constituent 
amino acids. Additionally, many glutathione dependent 
proteins found in prokaryotes use the molecule to carry 
out diverse reactions [8] e.g. glutathione-S -transferase 
(GST) is a superfamily of enzymes which use GSH to con- 
jugate and detoxify certain xenobiotic compounds. GSH 
also reduces glutaredoxins (small redox enzymes) which 
are oxidized by different substrates. 

Glutathione has diverse roles in biological systems for 
its antioxidative, immune boosting and cellular detoxify- 
ing activities [9]. It helps to maintain the intracellular 
redox homeostasis to protect the cells against oxidative 
damage. Most of the biological functions of glutathione 
are mediated by the conversion of reduced glutathione 
(GSH) to its oxidized form (GSSG) by the enzyme gluta- 
thione peroxidase and transforming back to GSH by 
glutathione reductase, a mechanism which maintains its 
cellular forms and levels [10]. The ratio GSH/GSSG 
which works as a cellular redox switch determines the 
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oxidative status of the cells and is delicately maintained 
by the activity of these two enzymes [11]. 

The roles of glutathione in Gram negative bacteria 
have been extensively reviewed [12,13]. However it 
requires to be detailed in Gram positive bacteria. Here, 
we review the currently available information on GSH 
system in food grade LAB supported by genomic ana- 
lysis for distribution of GSH system genes in their avail- 
able whole genome sequences. Whole genome 
sequencing (WGS) has opened new avenues for discov- 
ery of molecules and associated pathways e.g. glutathi- 
one S -transferase gene was not known to exist in 
lactobacilli till the WGS of Lactobacillus casei Zhang 
was achieved [14]. WGS also helps to corroborate the 
biochemical evidence for synthesis/transport of metabo- 
lites already known to exist in cell. Further, the role of 
GSH supplementation in stress protection as well as 
technological and health implications of microbial GSH 
metabolism are also discussed. 

Screening of selected LAB genomes for GSH 
system genes 

We looked for eight major genes involved in glutathione 
synthesis, transport and metabolism in fully sequenced 
genomes of selected food grade LAB and other organ- 
isms of probiotic and dairy importance namely bifido- 
bacteria and propionibacteria. The search was carried 
out in two different ways; firstly based on the keyword 
search of annotated protein entries and secondly based 
on the sequence similarity determined by Reverse Pos- 
ition Specific (RPS) BLAST. 

Proteomes of the completely sequenced organisms 
mentioned above were downloaded from NCBI [15]. 
Genes annotated to be involved in GSH synthesis and 
metabolism were searched in Uniprot [16] advanced 
search using keyword "glutathione" and the organism 
"taxonomy id". For glutathione transport genes, follow- 
ing keywords were used "cydD","cydC","cydDC" and 
"cydCD", with the organism taxonomy id. The resulting 
records were manually filtered to find genes annotated 
in glutathione synthesis, transport and utilization. 

For listing of glutathione system genes based on se- 
quence analysis, RPS -Blast with NCBI Protein clusters 
database (ProtClustDB) [17] was used. File containing 
position specific scoring matrices (pssms) of the pro- 
karyotic protein clusters was downloaded from the Prot- 
ClustDB. Following protein clusters were manually 
identified to be involved in GSH synthesis and metabolism 
viz. GshA (PRK02107, PRK13516, PRK13518, PRK13517, 
PRK13515), GshB (PRK12458, PRK05246), GshF 
(PRK02471), Gpo (PRK10606), GST (PRK11752, 
PRK10357, PRK10542), Ggt (PRK09615), CydC 
(PRK11160) and CydD (PRK11174). RPS-BLAST (with 
e-value cutoff of le" 5 ) was then used to search the 



individual LAB proteomes against all the pssms from 
the downloaded file. A protein was assigned to the 
glutathione system if any one of the above mentioned 
clusters was the first hit in RPS-BLAST results of that 
protein against a database of all downloaded PSSMs. 
For example, GshB has two protein clusters associated 
with it (PRK12458 and PRK05246), so if the first hit 
from RPS -Blast for a protein was any one of these clus- 
ters, the protein was assumed to be GshB. Since in 
some cases gshA and gshB fuse to form a single gene 
gshF and sequence divergence is very high for both 
GshA and GshB [3], the results of GshA, GshB and 
GshF were manually checked for the position of align- 
ment in the gene and length of the hit. Hits with pro- 
tein clusters of GshA and more than 650 amino acids 
were assumed to be GshF. The results are tabulated in 
the Additional file 1 and are discussed below with refer- 
ence to available literature on GSH system in LAB. 

Distribution of glutathione in selected LAB and 
closely related Gram positive bacteria 

Glutathione is ubiquitously found in eukaryotes and is 
the major indigenous antioxidant in higher animals [3], 
whereas in prokaryotes it is much widely distributed in 
Gram negative bacteria [4] although, some members of 
Gram positive bacteria are suggested either to synthesize 
or import it from the medium. Fahey and coworkers [4] 
reported that Streptococcus lactis (now Lactococcus lac- 
tis) produces GSH when grown in trypticase soya broth 
[Table 1]. This proposition was based on the higher 
GSH content found in cell lysate than the medium and 
was supported initially from the findings of Fernandes 
and Steele [18] who reported synthesis of GSH by Lc. 
lactis subsp. cremoris Z8 from precursor amino acids 
supplemented in milk. However, the argument was 
refuted for the strain Z8 when grown in a chemically 
defined medium (CDM) and it was found only to accu- 
mulate GSH from the medium [19]. Moreover, no GSH 
could be observed in 21 strains of lactococci when 
grown in CDM further substantiating the absence of 
GSH synthesis in the genus [20]. However, lack of gen- 
etic studies at that stage prevented any concrete evi- 
dence in support for presence/absence of de-novo 
glutathione synthesis in Lactococcus spp. GSH accumu- 
lation was more strongly observed in the strains of Lc. 
lactis subsp. cremoris but was absent in most of the Lc. 
lactis subsp. lactis and Lc. lactis subsp. lactis biovar dia- 
cetylactis strains [18,20]. Recently, Amaretti et. al. [21] 
also observed high GSH accumulation by a strain of 
Lc. lactis subsp. cremoris. Moreover, glutathione 
reductase activity was in general higher for Lc. lactis 
subsp. lactis than Lc. lactis subsp. cremoris and was 
not related to the intracellular GSH content [20]. 
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Table 1 Glutathione concentration in food grade LAB and some related Gram positive bacteria 


Organism 


Possible/ Proposed mode 


Glutathione concentration 


Medium 


Reference 


S. thermophilus ATCC 19258 


Synthesis 


5.7 umol/g dry weight 


Trypticase soy broth 


[28] 


S. thermophilus S6 


ND* 


43.5 nmol/mg 


Elliker broth 


[18] 


S. thermophilus ST2 


ND* 


39.2 nmol/mg 


Elliker broth 




S. thermophilus MB410 


ND* 


10.3 nmol/mg 


M-17 broth 


[21] 


S. thermophilus MB426 


ND* 


19.4 nmol/mg 


M-17 broth 




S. ogoloctioe ATCC 12927 


Synthesis 


1 1 umol/g dry weight 


Trypticase soy broth 


[28] 


S. ogoloctioe 2603 V/R 


Synthesis 


327 nmol/mg protein 


CDM*** 


[6] 


E. foecolis ATCC 29212 


Synthesis 


1.8 umol/g dry weight 


Todd Hewitt medium*** 


[28] 


E. foecolis JH2-2 


Synthesis 


5.1 umol/g dry weight 


Trypticase soy broth 




E. foecium ATCC 6569 


ND* 


1.6 umol/g dry weight 


Trypticase soy broth 




E. foecolis 


Synthesis 


78 nmol/mg protein 


CDM*** 


[32] 


E. foecium 


Synthesis 


189 nmol/mg protein 


CDM*** 




Lc loctis subsp. cremoris ATCC 19257 


ND* 


26.3 nmol/mg 


M-17 broth 


[21] 


Lc loctis subsp. diocety loctis MB447 


ND* 


10.5 nmol/mg 


M-17 broth 




Lc. /act/s 


ND* 


0.358 ug/mg protein 


Trypticase soy broth 


[22] 


Lc. loctis ssp. cremoris Z8 


Synthesis 7 


51.4 nm/mg 


Elliker broth 


[18] 


Leu. mesenteroides ssp. cremoris CAFT9 


ND* 


12.6 nmol/mg 


APT 




Leu mesenteroides ssp. cremoris ATCC 1 9254 


ND* 


1 1.4 nmol/mg 


MRS 




Lc. /acf/s ssp. cremoris Z8 


Synthesis 7 


15 nmol/mg 


Milk 




Lc. /act/s 


Synthesis 7 


4.6 umol/g 


Trypticase soy broth 


[4] 


Lc. /act/'s (genetically engineered strain) 


Synthesis 


358 nmol/mg 


CDM*** 


[23] 


Lc. /act/s subsp. cremoris SK 1 1 


Import 


10.56 nmol/mg protein 


M17 broth 


[20] 


Lc. /oct/s subsp. /acf/s NIZO B89 


Import 


4.95 nmol/mg protein 


M17 broth 




Lc. loctis subsp. /acf/s NIZO B93 


Import 


9.13 nmol/mg protein 


M17 broth 




Lb. helveticus CNRZ 32 


ND* 


6.2 nm/mg 


APT broth 


[18] 


Lb. cosei 


Import 


0.05 umol/g 


Lactobacillus broth 


[4] 


Lb. cosei HY 2782 


ND* 


25.15 umol/g 


MRS broth 


[34] 


Lb. acidophilus DSMZ 23033 


ND* 


4.5 nmol/mg 


MRS broth 


[21] 


Lb. acidophilus 


ND* 


0.14 nmol/mg protein 


MRS broth 


[41] 


Lb. solivorius 


ND* 


0.1 1 nmol/mg protein 


MRS broth 




Lb. cosei W56 


ND* 


0.09 nmol/mg protein 


MRS broth 




Lb. rhomnosus 


ND* 


~ 14 umol/g 


MRS broth 


[34] 


Lb. pi onto rum 


ND* 


~ 14 umol/g 


MRS broth 


[34] 


Lb. pi onto rum LP1 


ND* 


2.7 nmol/mg 


MRS broth 


[21] 


Lb. solivorius 


Import/ synthesis 7 


-0.5 nmol/mg protein 


MRS broth** 


[40] 


Lb. solivorius 


Import 


-22 umol/10 12 cells 


BHI broth 


[111] 


Lb. fermentum ME-3 


Import/ synthesis 7 


20 nmol/mg protein 


Milk 


[36] 


Lb. fermentum ME-3 


Import/ synthesis 7 


9.95 ug/ml 


MRS broth 


[37] 


Lb. fermentum 5716 


ND* 


1.4 mM/ ml media 


MRS broth 


[39] 


Lb. reuteri ATCC 23272 


Import 


-20 mg/g dw 


MRS broth** 


[43] 


Lb. reuteri ATCC 23272 


Import 


-15 mg/g dw 


MRS broth 




8. odolescentis MB238 


ND* 


0.238 pg/mg 


MRS broth 


[22] 


a 6re\/e MB233 


ND* 


0.258 pg/mg 


MRS broth 




B. longum MB243 


ND* 


0.333 ug/mg 


MRS broth 
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Table 1 Glutathione concentration in food grade LAB and some related Gram positive bacteria (Continued) 

B. adolescentis B660 ND* 0.288 Mg/mg MRS broth 

B. bifidum W23 ND* 0.37 nm/ mg MRS broth [41] 

B. onimolis subsp. loctis DSMZ 23032 ND* 30.3 nmol/mg MRS broth [21] 

*not defined. 

** GSH supplemented to medium. 

***Medium devoid of glutathione (either by treating with y-glutamyl transpeptidase or using chemically defined medium). 
? Contradictory report with respect to present available information. 



Glutathione estimation in probiotic strains of lacto- 
cocci by Capillary Electrophoresis-LIF was reported 
[22] and it is very likely that the observed glutathione 
levels are the result of import from the medium (here 
trypticase soya yeast extract medium). Our genomic 
analysis [see Additional file 1] revealed the presence of 
putative transport gene cydDC as well as gpo and gshR 
genes but no homolog of gshA or gshB in Lactococcus 
spp. could be detected corroborating the studies show- 
ing absence of GSH synthesis in lactococci but posses- 
sing the ability to import and regenerate reduced 
glutathione. Lc. lactis which is used as a model organ- 
ism for food grade production of various molecules 
was employed for GSH production by genetically en- 
gineering gshA and gshB genes from Escherichia coli 
[23], wherein, a very high concentration of GSH 
(358 nmol/mg protein) could be achieved by supple- 
menting the medium with precursor amino acids. Lc. 
lactis could also serve host to human glutathione 
transferase enzyme as means of food grade expression 
of the latter [24]. 

The genus Streptococcus consists of some prominent 
members in which GSH synthesis has either been pre- 
sumed or experimentally verified. Streptococcus agalac- 
tiae (a bovine pathogen) was found to produce GSH in 
trypticase soya broth [4] and also in CDM [6]. S. agalac- 
tiae [6] is one of the two (other being Listeria monocyto- 
genes [5]) organisms first reported to synthesize GSH by 
a multidomain bifunctional fusion protein (GshF or 
GshAB) in which the N-terminal domain is responsible 
for y-glutamylcysteine synthetase activity and the C- 
terminal domain carries glutathione synthetase activity. 
The presence of similar putative fusion proteins was lat- 
ter suggested in Streptococcus thermophilus, Streptococ- 
cus suis, Streptococcus sanguinis, Streptococcus mutans, 
Enterococcus faecalis and Enterococcus faecium [6,25]. 
Recently, GshF fusion protein from S. thermophilus was 
cloned and expressed in tobacco plant (Nicotiana taba- 
cum) [26] and Escherichia coli [27] to achieve high levels 
of GSH production. The presence of an active bifunc- 
tional fusion protein, high GSH content in the cells 
grown in Elliker broth [18], M-17 broth [21] as well as 
in trypticase soya broth [28] and an active GshR (Gor) 
enzyme [29] indicate towards a functional GSH system 
existing in S. thermophilus. Interestingly, gshF gene in S. 



thermophilus is shown to be insensitive to feedback in- 
hibition by GSH allowing high cellular accumulation 
levels, a property which can be used for the production 
of food grade glutathione. GshR activity (besides other 
antioxidative enzymes) helps S. thermophilus to adapt 
several treatments during industrial processing [30]. 
Similarly, E. faecalis and E. faecium was also reported to 
produce high GSH in rich medium [28,31] as well as in 
CDM [32] and is also able to regenerate the reduced 
form by glutathione reductase (GshR) activity under oxi- 
dative stress [33]. Our analysis showed the presence of 
transport protein CydDC as well as glutathione biosyn- 
thesis fusion protein GshF in E. faecalis genome. 

Glutathione synthesis, transport and metabolism in 
Lactobacillus genus have been studied for some species 
but most are yet to be explored. Among lactobacilli, 
GshF homologs could be detected in Lb xasei, Lb. rham- 
nosus, Lb. plantarum, Lb. sakei and Lb. ruminis [see 
Additional file 1]. GSH was found present in the cell lys- 
ate of Lb. casei but that was attributed to its high con- 
centration in the growth medium and de-novo synthesis 
could not be established [4]. Cellular GSH concentration 
in Lb. casei HY 2782 reached at the highest level after 
24 h of growth and tended to decrease thereafter [34]. 
Highest concentration was achieved in de Man Rogosa 
Sharpe (MRS) broth as compared to tryptone phytone 
yeast extract (TPY) and bromocresol purple dextrose 
(BCP) broth. Thioredoxin-thioredoxin reductase system 
in Lb. casei Shirota is the dominant thiol/ disulphide 
redox system and the trxAl, trxA2 & trxB mutants of 
the strain have severely damaged growth rate which is 
restored after addition of glutathione in the medium 
[35]. Externally added GSH thus, may activate a second- 
ary redox system of GSH-glutaredoxin and might indir- 
ectly suggest the absence of GSH synthesis to 
supplement such reactions. This is also confirmed by the 
presence of putative glutathione transport protein 
CydDC in Lb. casei genome [Additional file 1]. Thus, 
presently Lb. casei appears to have the ability to import 
GSH from the medium with no evidence of synthesis, al- 
though a putative fusion protein is found in the gen- 
omes. It also has gshR and gpo homologs suggesting the 
ability to use the imported glutathione for redox reac- 
tions. Lb. rhamnosus CU01 was reported to 
have ~ 14 (imol/g GSH when grown in MRS broth 
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largely expected to be imported from the medium [34] 
but it does possess a gshF homolog. A thorough screen- 
ing of Lb. casei and Lb. rhamnosus strains for GSH syn- 
thesis in chemically defined medium and genetic 
analysis of the fusion protein is needed to demonstrate 
the absence or presence of an active GSH system. 

Many workers have suggested the ability of Lb. fermen- 
tum strains to synthesis GSH based on phenotypic data. 
Lb. fermentum ME-3, a well established and widely stud- 
ied probiotic strain, was recently reported to have a 
complete glutathione system characterized by glutathi- 
one synthesis, uptake and redox turnover [36]. This or- 
ganism was isolated from the faeces of an Estonian child 
[37,38] suggesting that many gut microorganisms may 
be having glutathione system with vital functionalities 
for the host. Moreover, glutathione content in Lb. fer- 
mentum ME-3 was higher when grown in milk as com- 
pared to MRS broth, since milk contains all the three 
necessary precursor amino acids for GSH synthesis and 
is also a natural growth medium for LAB. Lb. fermentum 
5716, another probiotic strain was found to be a prolific 
GSH as well as y-glutamylcysteine producer [39]. Simi- 
larly, GSH synthesis is being presumptively shown in Lb. 
salivarius [40,41]. However, the genetic elements asso- 
ciated with the GSH system in Lb. fermentum and Lb. 
salivarius have not been investigated yet. In our analysis, 
Lb. fermentum and Lb. salivarius genomes were neither 
found to possess gshF nor gshB homolog but only gshA. 
This presents a complex case to explain GSH synthesis 
by the organism more so by the fact that genomes of Lb. 
reuteri, an organism phylogenetically close to Lb. fer- 
mentum, also show presence of only gshA and absence 
of both gshF and gshB. However, no glutathione synthe- 
sis has been reported for Lb. reuteri and y- 
glutamylcysteine (product of gshA) is known as the 
major thiol in the species [42]. Lb. reuteri however, has 
the ability to import GSH [43] from the medium which 
is also supported by the presence of the putative trans- 
port protein [see Additional file 1]. This protein, also 
present in Lb. fermentum and Lb. salivarius genomes 
could be implicated in GSH import from the medium. 
Thus, at present GSH synthesis in both of these organ- 
isms is disputable and a thorough investigation using 
chemically defined medium and expression studies is 
required to establish the status of GSH system in Lb. fer- 
mentum and Lb. salivarius. 

Lb. plantarum possesses a putative homolog of bifunc- 
tional fusion protein gshF [6,25], however, GSH synthesis 
in this organism has not been reported but it may up- 
take GSH from the medium [21,34]. Recently, Ge and 
workers [44] cloned the gshF gene from Lb. plantarum 
into Pichia pastoris but no improvement in GSH pro- 
duction could be obtained and thus the activity of this 
enzyme in Lb. plantarum is not ascertained till date. 



Interestingly, Lb. plantarum genome contains both gshA 
and gshF homologs. Moreover, active thioredoxin system 
has been reported in Lb. plantarum [45] to counteract 
oxidative stress but a redundant functional glutathione 
system can exist as it contains both the required genes 
for redox turnover reaction using glutathione. 

Very few reports on presence of glutathione are avail- 
able for Lb. acidophilus, Lb. helveticus and Lb. del- 
brueckii subsp. bulgaricus. Low level of GSH 
accumulation is observed in Lb. helveticus [34] and Lb. 
acidophilus [21,34]. Our genomic analysis showed a near 
absence of GSH system in these organisms [Additional 
file 1]. A putative gshF fusion protein homolog was also 
observed in Lb. sakei (a meat borne LAB) and Lb. rumi- 
nis. Lb. sakei exhibits a wide intraspecies variation in re- 
sponse to oxidative stress and a redundant putative 
glutathione-glutaredoxin system may be credited to the 
varied oxidative diversity of the strains [46]. GshF in Lb. 
ruminis (uniprot id: G2SQ55; gene name: LRC_13280) is 
one of the several specific proteins which is absent in 
the Lb. salivarius (both belonging to the same clade) as 
shown by comparative genomics of the two species [47]. 
Lb. buchneri, which is used in silage fermentation, is 
having four copies of gshA as found by RPS -Blast in our 
study but they are possibly misannotated as gshB in 
Uniprot. 

Leuconostocs, another important member of LAB, are 
widely used in fermented vegetables like sauerkraut, 
kimchii etc. Glutathione was found in Leu. mesenteroides 
cells grown in APT and MRS medium [18]. But, later it 
was reported that Leuconostoc spp. lacks gshB (and also 
gshF), thus making it incapable of GSH synthesis. In- 
stead, the intermediate compound y-glutamylcysteine 
was present in large amount and higher expression (of 
gshA) was reported after peroxide treatment making this 
molecule the major thiol in Leuconostoc spp. [25]. Al- 
though, y-glutamylcysteine is the dominant thiol, all the 
Leuconostoc species show presence of gpo and gshR 
[Additional file 1] thus, import of GSH to mount an 
antioxidative response based on the two enzymes makes 
sense. This import could be carried out by the putative 
CydDC protein found in whole genome sequences of 
leuconostocs [Additional file 1]. 

Oenococcus oenii is a LAB used in wine fermentation. 
It possesses both gshR and gpo homologs but synthesis 
related genes were found absent, thus justifying the pres- 
ence of the putative transport protein CydDC [Additional 
file 1]. Glutathione has been considered as one of the hall- 
mark molecules of aerobic metabolism and its detection 
in obligate anaerobes like bifidobacteria [22,41] is intri- 
guing which needs to be investigated. It is not clear 
whether the observed content is due to import from the 
medium or synthesis per se is carried out by the strains. 
However, our analysis showed complete absence of the 
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glutathione system in bifidobacteria. In a recent work [8] 
it was suggested that many organisms which are having 
GSH dependent proteins lack gshA but still are able to 
synthesize GSH through a proposed alternate route in- 
volving proline biosynthetic pathway. However, in case of 
LAB, only homologs of gshA or gshF are present and gshB 
is absent throughout. This scenario supports the hypoth- 
esis that LAB which if at all, synthesize glutathione are 
able to do so by the glutathione biosynthesis bifunctional 
fusion protein. In LAB and closely related organisms, 
glutathione synthesis is not indispensible for survival but 
many LAB may either have synthesis, truncated synthesis, 
import and/or utilization system for glutathione, with in- 
herent species and strain level variations. 

Distribution of glutathione-S-transferase 

Glutathione S -transferases (GSTs) are the part of a 
superfamily of enzymes that play a key role in cellular 
detoxification and xenobiotic degradation. GSTs from 
Gram positive bacteria are grouped into four different 
classes viz. Beta class, Fosfomycin resistance proteins, Xi 
class and Ure2 proteins [48]. Till now, in bacterial cul- 
tures of dairy origin, only S. thermophilus [48], Lb. casei 
[14] and Propionibacterium freudenreichii [49] are 
reported to have glutathione-S-transferase orthologs. 
S. thermophilus GST have been annotated as Ure2 
protein but no class has been assigned for the latter 
two species. Pr. shermanii was shown to have antimu- 
tagenic properties against 4-nitroquinoline-l -oxide 
(4NQO) which could be linked to the concomitantly 
enhanced GST activity as a result of exposure to the 
mutagen [50]. GSTs are known to degrade biphenyl, 
but no specific activity of GST in Lb. casei could be 
linked to biphenyl degradation [14] and thus its role 
still remains obscure. 



Role of glutathione in food grade LAB 

Glutathione in Gram negative bacteria is a well estab- 
lished molecule offering resistance in conditions such as 
oxidative stress [51], radiation stress [52], methylglyoxal 
resistance [53], osmotic stress [54], chlorine resistance 
[55] and heavy metal resistance [56]. Glutathione system 
also accomplices in virulence of certain pathogens [57] 
by assisting their survival in inflammatory tissues laden 
with oxidative stress. With its discovery in Gram positive 
bacteria, new claims on its role in stress resistance of 
these organisms are coming to light (see figure 1). In re- 
cent years, exogenously supplied GSH has been focused 
on as an important molecule in stress protection and 
growth promotion of several LAB. Some of the key 
applications of GSH in LAB and their proposed mechan- 
isms are discussed here. 



Oxidative stress 

Oxidative stress is a result of elevated exposure of cells 
to reactive oxygen species (ROS) e.g. superoxide anions, 
hydrogen peroxide, hydroxyl radicals and hydroperox- 
ides. LAB encounters oxidative stress during GI transit, 
various industrial treatments and during co-culturing in 
fermented foods. Bacteria deploy specialized mechan- 
isms to deal with the oxidative stress [58] which include 
enzymes like SOD, thioredoxin reductase system, 
glutathione-glutaredoxin system and NADH oxidase/ 
NADH peroxidase system. Thioredoxins are small redox 
proteins which act as antioxidants by reducing other 
proteins via cysteine thiol-disulphide exchange reactions 
and themselves are reduced by thioredoxin reductase. 
Thioredoxins are important for antioxidative response in 
Lb. casei [35] and Lb. plantarum [45] but not for Lc. lac- 
tis [59]. Lb. fermentum [60] and ZA reuteri [42] are more 
dependent upon cysteine/cystine uptake for oxidative 
stress protection. Low molecular weight (LWT) thiols 
such as glutathione and cysteine are the major contribu- 
tors of redox potential changes during stress conditions 
in bacteria [61]. Thiol groups displayed on the cell sur- 
face proteins have also been shown to maintain a redu- 
cing microenvironment and help in the oxidative stress 
protection of Lc. lactis [62] . Glutathione is considered as 
one of the important molecules in oxidative stress pro- 
tection in model organisms like S. cerevisiae [63] and E. 
coli [51]. This major property of glutathione has also 
now been proved in LAB and is covered below. 

Glutathione as a reducing agent in cytoplasm is im- 
portant in imparting antioxidative properties to the bac- 
teria. It is able to defend cells against oxidative radicals 
which can severely compromise the survival and per- 
formance of the culture. In a study, antioxidative activity 
of the cell free extract of 11 strains of lactobacilli was 
found directly related to the cellular reduced glutathione 
level [34]. Thus, both GSH accumulation and synthesis 
could be correlated with the antioxidative potential of 
LAB and its ability to grow in aerobic environment, al- 
though other factors are also involved. Aerobically 
grown cells of Lc. lactis subsp. cremoris SK11 showed 
30% higher GSH accumulation and 5 fold higher gluta- 
thione peroxidase activity than anaerobically grown cells 
which provides a primary evidence for the role of GSH 
in oxygen tolerance of LAB. Lc. lactis subsp. cremoris 
SK11 accumulates GSH and offers increased protection 
against H 2 0 2 to stationary phase cells [20] possibly by 
its ability to mount a GSH-reductase-peroxidase antioxi- 
dative response to peroxide induced oxidative stress. 
These results are consistent with the reports on cellular 
protection afforded by exogenously supplied GSH in 
Haemophilus influenza [64] and S. mutans [65], both of 
which also lack GSH biosynthesis. Genetic engineering 
for introducing glutathione synthesis ability in Lc. lactis 
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subsp. cremoris NZ9000, which is incapable of synthesis 
as well as uptake of glutathione, resulted in an increased 
resistance to the oxidative stress induced by H 2 0 2 and 
menadione [66]. This finding is in line with the 
improved tolerance achieved by engineering GSH bio- 
synthesis even in the obligate anaerobe Clostridium acet- 
obutylicum against aeration and butanol challenge [67]. 

Glutathione reductase activity regenerates GSH from 
GSSG, thus helps to maintain a reduced microenviron- 
ment and ensures substrate availability for glutathione 
peroxidase. Glutathione peroxidase on the other hand 
utilizes GSH to scavenge reactive oxygen spices (ROS) 
and relates to the high antioxidative ability of the cells as 
reported for Lb. brevis KCTC 3498 [68]. GshR activity in 
Lb. sanfranciscensis helps to maintain thiol levels in 
wheat sourdough and have important technological 
implications for sourdough quality. Lb. sanfrancisensis 
gshR mutants are not able to maintain thiol levels in 
wheat sourdough, result in a loss of oxygen tolerance 
and become more sensitive to superoxide generating 
agent methyl viologen (paraquat) [69] . At elevated oxida- 
tive exposure, glutathione reductase activity was 
reported to be enhanced in S. thermophilus [29], E. fae- 
calis [33], Lb. acidophilus NCFM [70] and Lc. lactis 
subsp. cremoris NZ9000 [66] indicating the clear role of 
this enzyme in oxidative stress protection mechanism in 
LAB. 

GSH may also be helpful in overcoming secondary 
oxidative stress accompanied with several treatments 
and conditions. Iron supplementation in the medium 
presents E. faecalis cells with oxidative stress with a con- 
sequential decrease in cellular glutathione content [31]. 
Profiling of genes overexpressed in Lb. plantarum 
WCFS1 after bile exposure showed an increased expres- 
sion of glutathione reductase suggestively to overcome 
oxidative stress accompanied with the bile salts [71]. In 
another report, Gpo activity was enhanced in Lc. lactis 
to counter the secondary oxidative stress induced by iso- 
leucine starvation [72]. Presence of glutathione and 
GshR-Gpo couple is not indispensible for survival of 
LAB under oxidative stress but may work as an auxiliary 
system, apparently because of the other primary antioxi- 
dative systems active within the cells. 

Acid stress 

LAB encounter acidic conditions in the medium as a re- 
sult of their own acid generation during fermentation 
and in the gastrointestinal environment where these bac- 
teria usually thrive. Glutathione has been earlier 
reported to protect E. coli [73] and Rhizobium tropici 
[74] cells from acid challenge by regulation of gated po- 
tassium export channels KefB and KefC, restricting 
transport of K + ions and thus maintaining the cytoplas- 
mic pH. Supplementation of GSH has been shown to 



protect Lb. salivarius [40], Lc. lactis subsp. cremoris [75] 
and Leu. mesenteroides [76] from varying degree of acid 
challenge. Regulation of potassium export channels by 
GSH is not yet proven in LAB and the mechanism for 
protection is suggested to be either sacrificial action of 
GSH which prevents rapid fall of intracellular pH or glu- 
tathionylation of glyceraldehyde 3-phosphate dehydro- 
genase (GAPDH) enzyme which helps to sustain 
glycolysis at the required level. The latter mechanism is 
also supported by the finding that growth rate was 
enhanced post GSH supplementation in Lb. salivarius 
cells under acid stress [40]. Synthesized GSH also 
offered protection against acid stress in genetically engi- 
neered strain of Lc. lactis NZ9000 [75]. Glutathione re- 
ductase activity maintains the GSH concentration in 
cells and thus is expectedly high for Lc. lactis IL1403 
[77] and S. pneumoniae [78] in the face of acid chal- 
lenge. Improved acid tolerance in LAB by GSH could be 
harnessed for increasing their survival under acidic con- 
ditions in both vat and gut. 

Cold stress 

LAB used in food fermentation processes have their 
optimum growth temperature in mesophilic or thermo- 
philic range and thus preservation methods essentially 
involving freezing, low temperature storage or freeze 
drying impart a certain degree of cold stress to the cells. 
Industrial performance of the starters is affected vastly 
by their ability to resist such conditions and maintain 
high viability [1]. It is suggested that the cold treatments 
given to E. coli cells are physiologically manifested in the 
form of oxidative stress leading to enhanced expression 
of Mn-SOD and catalase along with decrease in the 
intracellular glutathione and GSH/GSSG ratio [79]. 
Glutathione level decreases during cold stress conditions 
and thus supplementation of GSH to the medium or na- 
tive GSH synthesis by bacterial cells could replenish this 
loss and may help to cope up with such conditions. Sur- 
vival rates after freeze drying of Lb. sanfranciscensis were 
found to be several folds higher for cells supplemented 
with GSH as compared to cysteine supplemented cells 
and control culture [80]. A similar pattern of cellular 
protection could be observed upon freeze thawing and 
cold treatment at 4°C. This protective effect of supple- 
mented glutathione is attributed to the prevention of 
membrane fatty acid oxidation, maintenance of average 
chain length of fatty acids [80], sustainment of high 
metabolic activity and protection against secondary 
stress conditions generated as a result of cold treatment 
[81]. Expression of cold induced proteins like (3- 
phosphoglucomutase (p-Pgm), phospo acetyltransferase 
(Pat) and stress protection protein like UspA, after GSH 
supplementation helps to survive the cells during cold 
conditions. Over expression of GSH peroxidase counters 
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the secondary oxidative stress generated as a result of 
cold treatment [81]. Exogenously added glutathione 
clearly protects the cells against various cold stress con- 
ditions but role of indigenously synthesized glutathione 
in this regard is yet to be explored. 

Osmotic stress 

Resistance to osmotic stress is an important parameter 
for the industrial processing of microorganisms. Gluta- 
thione is already known to impart resistance against high 
osmotic conditions in E. coli [54,82]. Zhang and cowor- 
kers tested this role of GSH in osmoadaptation of Lc. 
lactis which could resist upto 5 M NaCl upon GSH sup- 
plementation [83]. Further, to infer the mechanism of 
GSH mediated osmotic protection, they followed a com- 
parative proteomic approach which revealed upregula- 
tion of several glycolytic enzymes in GSH-supplemented 
cells during osmotic challenge. As microbial survival in 
high osmotic conditions is an energy intensive affair, 
upregulation of glycolytic pathway in LAB compensates 
for the additional energy expenditure. Additionally, the 
expression of proteins involved in the metabolism of 
other sugars was downregulated giving the bacteria a se- 
lective advantage for preferential utilization of simple 
sugars and thus to shut down the redundant metabolic 
processes. Moreover, GSH supplementation also 
increased the expression of certain stress resistance pro- 
teins [83]. The ability of supplemented GSH to protect 
against adverse osmotic conditions could be harnessed 
in cheese industry, where salting of curd blocks impart 
high osmotic stress to the starter bacteria and thus 
addition of glutathione to cheese milk or use of GSH ac- 
cumulating or producing starters could offer protection 
resulting in shorter ripening time. 

Glutathione and aerobic respiration in LAB 

Many LAB undergo aerobic respiration which have im- 
portant technological ramifications for their use in in- 
dustrial processing [84]. Respiration of LAB requires 
presence of cydABCD set of genes. cydAB encodes for 
structural components of a cytochrome oxidase known 
as the quinol oxidase. cydDC complex, on the other 
hand is required for the assembly of the cytochrome. As 
mentioned earlier, CydDC is also responsible for the 
transport of cysteine and glutathione, which contribute 
towards the reducing environment in the cell facilitating 
CydAB-heme interactions. Thus, presence of cydDC in 
LAB is essential for aerobic respiration in many species 
[85] and most of these species are also capable of trans- 
porting glutathione [see Additional file 1 and section 
3.0]. However, there seems to be no correlation of aer- 
obic respiration and glutathione biosynthesis ability in 
LAB. 



Technological implications of glutathione 
metabolism by LAB 

Metabolism of glutathione by LAB has important 
physico-chemical implications for fermented foods. 
Redox reactions carried out by thiol compounds in sour- 
dough considerably affects its rheology. Lb. sanfrancis- 
censis has been known to be the most predominant 
bacterium in sourdough fermentation and its genomic 
analysis has revealed a well adapted cellular machinery 
for sourdough microenvironment [86]. Glutathione re- 
ductase activity of Lb. sanfranciscensis recycles GSSG to 
GSH in wheat sourdough and thus maintains a high 
reduced thiol concentration [69]. Glutathione is one of 
the most active thiol compound acting as a reducing 
agent and it reacts with the disulfide bonds in wheat 
proteins, thus restricting the disulphide mediated 
polymerization of gluten proteins in dough. This inter- 
ference renders gluten peptides in depolymerized state, 
making them more water soluble which facilitates their 
proteolytic cleavage and thus imparting the required 
dough rheology [87]. Glutathione reductase activity and 
consequent thiol accumulation also result in egg white 
(EW) protein degradation in wheat sourdough. Struc- 
tural changes in ovo transferrin, the major egg white 
protein, as result of reaction with thiols makes it more 
susceptible to proteolysis [88]. EW proteins are known 
to have certain biological activities influencing both 
technological and nutritional parameters of the 
processed food products and are also sought as the 
major structural proteins in the production of low gluten 
products [89]. 

Cheese production essentially involves ripening 
process to develop the desired delicate flavor and texture 
which requires controlled storage of green cheese blocks 
for a considerable period of time, increasing the cost of 
production and blocking the capital invested. Thus, vari- 
ous efforts to accelerate the process of ripening have 
been undertaken. Supplemented GSH has been reported 
to hasten the ripening process [90] but the cellular reac- 
tions describing the role have not been ascertained. Ex- 
pression studies to assess the role of GSH system genes 
from LAB in cheese ripening process are still lacking. 
This role of glutathione may be attributed to its ability 
to enhance the metabolic activities in cheese starters as 
suggested by higher microbial esterase [91] and lipase 
[92] activities which directly relate to the flavor develop- 
ment and hence accelerate the process of ripening. GSH 
also acts as sulfur and nutrient source, thus promotes 
the growth of various LAB [40,43]. Moreover, GSH also 
helps maintain a low redox potential favorable for ripen- 
ing process [18]. Addition of GSH increases the produc- 
tion of H 2 S and methanethiol, both important 
contributors to the overall cheese flavor [93]. The en- 
zyme y-glutamyl transpeptidase (Ggt), an enzyme 
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capable of degrading GSH catalyzes the transfer of 
gamma glutamyl moiety of GSH, exposing the -SH 
group on the cysteine for H 2 S production. Raw milk 
exhibits GGT activity which is lost as a result of heat 
treatment and thus raw milk cheeses have more pro- 
nounced flavor. GGT activity is in general absent in LAB 
[19] which was also confirmed in our analysis by the ab- 
sence of ggt homologs from the sequenced LAB gen- 
omes [see Additional file 1]. Protection offered by GSH 
against high osmotic, acid and cold stress conditions, 
which would result in higher viability of metabolically 
active starter bacteria in cheese blocks, may also be a 
complementary factor in early ripening. 

Commercial starter preparations require processing 
treatments which load the cells with varying stress con- 
ditions. For better survival and industrial performance of 
the cultures, they need to be resistant to such condi- 
tions. Given the multi stress tolerance achieved in LAB 
by GSH supplementation, it can be an important mol- 
ecule for developing robust probiotic cultures with the 
ability to withstand harsh processing treatments as well 
as hostile conditions in the gut. It should also serve to 
promote the growth of starter bacteria and deliver added 
functionalities like flavor generation. The ability of GSH 
to act as a sulfur and cysteine source promotes the 
growth of Oenococcus oeni and malolactic fermentation 
in wine [94]. Glutathione reductase is present in most 
of the Leu. mesenteroides strains [95] and contributes 
to the sensory characteristics of wine by participating 
in the production of volatile sulfur compounds. 

Modulation of host antioxidative system: possible 
role of microbial glutathione metabolism 

Glutathione has a widespread role in maintaining human 
health and upkeep of the immune system. Low glutathi- 
one level in humans is linked with a number of disease 
states such as cancer, AIDS, Alzheimer's disease, Parkin- 
son's disease etc. [9]. Low levels of colonic glutathione 
and glutathione S -transferase activity are associated with 
a high risk for development of colorectal cancer [96]. 
The gut GSH system forms an essential antitoxic barrier 
for mucosa and helps maintain the normal immune 
functions [97]. Oxidative stress leading to an altered 
redox status of mucosal glutathione is a major etiological 
factor in ulcerative colitis, an inflammatory bowel dis- 
ease (IBD) [98]. Thus for proper functioning, intestinal 
epithelial cells require a continuous supply of GSH. Ex- 
ogenously supplied GSH was shown not only to main- 
tain the required level in the gut but also offered 
protection against oxidative agents like t-butyl hydroper- 
oxide or menadione in rat model [99]. 

Human gut is a hotspot for dynamic exchange reac- 
tions between commensal microorganisms and host tis- 
sues. Gut microbiota and probiotics impact the oxidative 



status of intestine [100] and the microbial antioxidant 
systems partly contribute towards this effect [101]. In re- 
cent years, probiotic bacteria targeted at mitigating oxi- 
dative stress induced damage have been tested for their 
beneficial effects to host. Antioxidative property of pro- 
biotic Lb. fermentum ME-3, besides other factors, is 
partly credited to its ability to produce (or accumulate) 
GSH and maintain high ratio of GSH/GSSG [37]. The 
strain is also reported to reduce the oxidative stress mar- 
kers in blood and urine in humans [102]. Lb. fermentum 
5716, a probiotic strain, is capable of ameliorating co- 
lonic inflammation in TNBS induced rat colitis which is 
also attributed to its ability to release glutathione in the 
gut [39]. Lb. salivarius CECT5713 could also show the 
same effect [103] but the microbial release of GSH was 
not tested, however Lb. salivarius may have the ability 
to release GSH [40]. Lb. fermentum was able to restore 
colonic GSH levels in a rat colitis model but Lb. reuteri 
lacked the ability and this effect could be correlated with 
the presumed GSH synthesis or high GSH accumulation 
capability in the former but absent in the latter [104]. 

Some reports have also suggested the promotion of 
host glutathione synthesis by probiotic bacteria but the 
exact contributing factors are not known. Human baby 
flora transinoculated in germ free mice resulted in an 
increased GSH biosynthesis in jejunum [105]. Three 
lactobacillus strains viz. Lb. casei CU001, Lb. acidophilus 
NCFM and Lb. casei YIT9018 were able to increase the 
systemic levels of GSH in mice and IgM production in 
spleen [106]. Similarly, a multispecies probiotic prepar- 
ation induced upregulation of y-glutamylcysteine ligase 
(GCL) activity and a consequent increase in the synthe- 
sis of GSH in the rat ileum. [41]. Probiotic mediated 
modulation of host GSH system is helpful in ameliorat- 
ing disease conditions like acute pancreatitis [41] and 
lead induced oxidative stress [107]. Spyropoulos et.al. 
[108] also suggested the possible role of probiotic bac- 
teria, having ability to either deliver GSH or promote 
host GSH synthesis, in treatment of radiation induced 
enteritis and colitis. Thus, a empirically designed pro- 
biotic intervention could be useful for treatments and 
conditions which are known to rapidly decrease mucosal 
glutathione levels like radiation therapy [109], Helicobac- 
ter pylori infection [110] etc. 

Conclusion 

Once considered rare in Gram positive bacteria, gluta- 
thione is increasingly gaining attention in these organ- 
isms both as a naturally synthesized metabolite and 
more importantly as a media supplement. S. thermophi- 
lus and E. faecalis synthesize glutathione by the bifunc- 
tional fusion protein (GshF). Some other LAB like Lb. 
plantarum, Lb. casei, Lb. rhamnosus, Lb. sakei and Lb. 
ruminis also possess the fusion protein but GSH 
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synthesis has not been established in these organisms. 
Most of the other species lack synthesis but are able to 
import it from the medium. Ability to import GSH has 
important physiological and technological implications 
for LAB. Supplementation studies have conclusively 
established its role in protection of LAB against many 
facets of stress. The exact mechanism of resistance 
offered and the systemic implications of glutathione sup- 
plementation need to be sought out but most of the 
reactions are supposed to be a manifestation of its anti- 
oxidative property. A logical and interesting extension 
would be to see if the natural producer strains are inher- 
ently robust to stressful conditions which are better tol- 
erated by GSH supplementation. Such GSH producing 
strains can be used as adjunct cultures for accelerated 
ripening of cheese, improved sourdough fermentation and 
food grade GSH production. GSH can play a vital role in 
the development of robust probiotics for its role in stress 
tolerance. Health application of GSH producing or accu- 
mulating cultures is another exciting area but will require 
extensive experimental validation in different animal mod- 
els. Milk (esp. whey proteins) serves all the necessary pre- 
cursors for GSH synthesis and LAB having potential for 
glutathione biosynthesis could be used successfully for 
delivering this vital molecule in the human system 
through a milk or whey based functional fermented food. 
With its diverse role and immense benefits, glutathione 
can add a new dimension to the technological and health 
applications of lactic acid bacteria. 

Additional file 



Additional file 1: Screening of selected LAB genomes for major 
genes of glutathione metabolism (synthesis, transport, redox 
turnover and degradation genes). The numbers in cells indicate the 
number of genes found and the entries in bracket are uniprot ids (for 
Annotated genes) and (Gl ids for RPS-Blast results). NA -Annotation not 
available in Uniprot. 
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